ABSTRACT A multi-decade 1000-V inductive voltage divider (IVD) was established at the National Institute of Metrology in China. This multi-decade IVD will function as the 1000-V voltage ratio standard at the power frequency in a traceability system. It can provide a wide output ratio ranging from 1×10 −8 to 1 with the accuracy better than 0.05 µV/V (in-phase and quadrature). Two different winding connection methods are used to achieve their respective effects. A special structure with four independent shieldings is used at first two windings in order to reduce the IVD's burden. An error compensation method, which is based on the transformer injection, is introduced to improve the output ratio accuracy. An improved bootstrap calibration method with fully equal potential guards on all parts of the circuits at nonzero potential is presented, and a multi-ratio reference transformer with symmetric leakage design is used to calibrate the multi-decade IVD for combinational usage. The expanded uncertainty of the self-calibration is less than 0.02 µV/V.
I. INTRODUCTION
AC voltage ratio technology can be implemented in a variety of ways, such as resistive divider, capacitive divider and inductive voltage divider (IVD) . Especially for precise electromagnetic measurements, IVD is recommended because of its high input impedance, low output impedance, high accuracy and better stability. The definition of IVD's transfer ratio error refers to the International Electrotechnical Commission (IEC) 60618: ''The value obtained by subtracting the true value of the transfer ratio from the value of the nominal transfer ratio.'' [1] , just as shown in equation (1) 
where e denotes the transfer ratio error;U 0 ,U 2 are the nominal and the true open circuit output voltage (phasor) of IVD respectively;U 1 denotes the input voltage (phasor) of IVD.
In grid systems, high-tension transformers are usually traced to the 1000 V IVD at the power frequency [4] . At National Measurement Institute Australian (NMIA), a three-stage 1000 V / 50 Hz IVD was established. It can provides output to input voltage ratios of 0.001 to 0.01 with the in-phase and quadrature uncertainty of the ratio better than 1×10 −6 , and the calibration uncertainty are less than l×10 −9 [2] , [3] . In China, 1000 V IVD is generally used as AC voltage ratio standards in many metrology institutions at the provincial level. However, under normal circumstances, IVDs are calibrated through a self-calibration method applied by the staff of these institutions [4] . In addition, due to the use of different equipment and imperfection of the self-calibration methods, the calibration results are inconsistent. In 2013, a 1000 V voltage ratio standard began to develop at National Institute of Metrology (NIM) in China to unify the high voltage ratio quantity traceability system, its schematic diagram is shown in Fig.1 .
This IVD is designed to operating at power frequency. An equal potential shielding structure and a compensation method are adopted in the 1000 V IVD to achieve the high accuracy of the ratio [5] , [6] . A self-calibration system is also built on basis of an improved bootstrap self-calibration method with fully equal potential guards [7] . By taking full advantage of symmetric leakage design and equal potential guards, the IVD output ratio can be precisely calibrated. In the following contents, the compensation method and the self-calibration method will be described in detail.
II. THE STRUCTURE OF MULTI-DECADE IVD
In order to obtain a wide output ratio, this multi-decade IVD is designed with 8 decades to achieve ratio ranging from 1×10 −8 to 1. And the output ratio accuracy of the IVD is designed to be better than 0.05 µV/V.
Two connection methods, the parallel and the series connection method, are applied in 8 decades of the IVD to connect the adjacent windings, just as shown in part (a) of Fig. 2 , the parallel connection method is adopted for the first four windings. This method has a self-coupled type, which leads to a smaller flux leakage than using the series connection method. Because each winding in the sequence should be excited by the previous winding and the potential of subsequent windings should always keep up with the output of the previous windings, the structure is more complex than the series ones. Part (b) of the Fig.2 shows a circuit for the series connection method, which is used in the last four windings of the IVD. This connection method has a simple structure and is easier for implement. Although the isolation type of coupled mode will introduce the flux leakage, the influence of the leakage error could be ignored due to the lower input voltage of the last four windings.
The first two decades windings are the most important parts of the IVD. As shown in Fig. 1 and Fig. 3 , the first two decades constitute a two-stage divider. Firstly, the 500 turns of magnetizing windings are evenly coiled around the toroidal magnetizing core in one layer to minimize the inter-turn and inter-winding potential differences. Then, the winding is completed with a single turn wound reversed at the out of the winding as the anti-progression turn. A magnetic shielding is located outside the magnetizing winding, which is separated into 4 parts to pack the core surround, and also works as a secondary core of this two-stage divider [2] . The first decade winding (ratio winding) wound twistedly around the magnetic shielding. The second decade winding is wound around the first decade windings with an additional core B 3 to distribute the differences between terminal voltages uniformly throughout the windings, it also simplifies the structure and minimize the size of the IVD. The second decade winding acts as a two-stage divider as well.
The second decade winding is connected to the first decade winding for reducing the load effect by using the parallel connection method. The input voltage of the second decade winding is provided by one section of the first decade winding. The potential point of the second decade winding will change if the first decade is located on a different position, which will introduce an additional leakage current from the second decade winding.
An equal potential electric shielding is used to decrease the aforementioned capacitance leakage current. Shown in Fig. 1 and Fig. 3 , a potential IVD is applied with 10 sections as the first decade winding, the taps of decade winding are used as the ratio output, while the taps of the potential IVD are used as the screening protect signal source. Both taps are switched by using a four layers rotary switch K 1 to make the voltage of the shielding protect signal follow the output of the first decade winding. There are four electric shieldings added to the first core. Shieldings S 1 and S 2 are placed inside and outside of the first decade winding. Both of them are connected to the ground to make sure the first decade winding is in a stable ground potential environment. VOLUME 6, 2018 Another couple of shielding, S 3 and S 4 , are connected to the equal potential electric shielding signal that mentioned above. This ensures that the second decade winding always keeps an equal potential with its lowest tap, no matter where the first decade is.
The combination of the decade winding 3 and 4 has a similar structure to that of the winding 1 and 2, except no equal potential shielding. All four windings are connected based on the parallel connection method. For the purpose of simplifying the structure of IVD, windings 5 to 8 are wound around the same core. Considering these last four windings are at lower voltage levels, the series connection method is adopted. The turn number of winding 5 and 7 is ten times that of winding 6 and 8. The outputs of windings 7 and 8 are added to the winding 5 and 6 by using a 100:1 voltage injection transformer. Also, the output of the last four windings are added to the output of IVD in the same way [8] .
III. COMPENSATION METHOD BASED ON THE PRINCIPLE OF TRANSFORMER
The multi-decade IVD will be used as the standard in AC ratio traceability at NIM, and the output ratio accuracy is designed to be better than 0.05 µV/V. However, even with the most elaborate design and construction, the output ratio errors may be still relatively larger than 0.05 µV/V for the 1000 V IVD at power frequency. The errors are several parts of 10 7 . Therefore, the compensation method of the output ratio error should be adopted for the IVD. The resistancecapacitance compensation method is mostly used by adjusting the values of resistors and capacitors, which are connected among the taps of the winding. However, due to the complex interactions of uncoupled impedances and internal capacitance, the implementation of this compensation process is tedious and repetitive. In order to avoid the cumbersome steps mentioned above, a compensation method based on the transformer injection principle is presented [9] .
As shown in Fig. 4 , the compensation unit comprises two parts: the ''In-Phase'' and the ''Quadrature'' transformers. The ''In-Phase'' transformer divides the input voltage with a ratio into ppm level. It is grounded in the middle to provide both positive and negative outputs. In ''Quadrature'' unit, a 90-degree phase shifter is applied to provide a 90-degreeshifted ratio into the ppm level. Each tap of the decade winding pass through a small transformer with the ratio of 100:1, combined with the ''In-Phase'' and ''Quadrature'' compensation outputs. The ratio error of each tap of first decade winding can be adjusted at the level of 10 −8 .
This compensation method is convenient to implement. According to the calibration data, the compensation signal voltages that injected to each taps of the decade winding can be adjusted. As the one tap compensation will not influence the other sections of the winding, the compensation process will be more fast and effective. Decade winding1 and 2 are compensated by this compensation method. Fig. 5 shows the physical layout of the IVD without the covers. 
IV. SELF-CALIBRATION METHOD A. AN IMPROVED BOOTSTRAP METHOD TO CALIBRATE THE RATIO OF MULTI-DECADE IVD
An improved bootstrap method was proposed with fully equal potential guards on all parts of the circuits at nonzero potential, and a symmetric leakage design of the reference transformer and other circuits were also developed [6] for the 1000 V IVD calibration at NIM. The self-calibration system includes the reference transformer, the auxiliary IVD and the guard IVDs. Fig. 6 shows the corresponding schematic diagram. This multi-decade IVD output is a single pair of terminal, whose output ratio is determined by switch positions. In order to reduce the uncertainty introduced by the reading device, The NIM constructed two multi-decade IVDs with the same structure and compensation method to obtain an approximate level of accuracy. During the calibration, one is used under test (Tx) and the other one is used as an auxiliary IVD (Ta). In order to avoid any capacitance load currents passing through the IVD, 58596 VOLUME 6, 2018 during the calibration, equal potential guards using a triaxial cable are adopted in the bootstrap calibration method [10] . Each section of the IVD during the calibration is compared with the reference transformer's output from an auxiliary IVD. Two 8-decade IVDs (G1 and G2) are adopted as equal potential guard sources. The output of the Guard IVD (G1), which is always switched following the Tx, is connected to the inner screen to provide the guarding voltage preventing any currents drawn from Tx. The Guard IVD (G2) follows the auxiliary IVD (Ta) for the same reason. The system can also use only one 8-decade IVD with the special designed switch instead of G1 and G2.
Constructing a reference transformer with an ultra-stable voltage ratio is critical to the successful implementation of the bootstrap method. Therefore we carefully designed the symmetric leakage of the screen currents, so that the common mode errors can be minimized [11] .
The reference transformer of the self-calibration system is also a two-stage type transformer. The primary magnetizing winding is wound on the magnetizing core and the primary ratio winding is wound on the two-stage core. The excitation and ratio winding are divided into 12 sections, while the input voltage can be injected through 8 to 12 of the total sections by adjusting a switch and so reference ratio from 1/8 to 1/12 can be obtained [12] . The ratios of IVD that could be calibrated are listed in table 1. Thus, these combinations of decade settings can be calibrated to reach an approximately full investigation of multi-decades IVD output ratio errors. After applying an electrical guard, three independent floating reference ratio windings are wound with the triaxial cable in a single-layer. By inputting the voltage through 10 sections, different turns of ratio windings could provide the output ratios of 0.1, 0.01 and 0.001 to calibrate the first three decade windings. The inner and outer screens are divided into two equal sections in the middle of the triaxial cable. Two ends of the cable are connected with two special triaxial jacks and the outer screens are isolated from the case, which will force the screen currents to return from the outer screen in the triaxial cable.
This design conspicuously reduces the reference ratio errors from the screen currents coupling, and increases the stability of the ratios when changing the potential of the reference winding during the calibration. The injector and detector are also designed with a triaxial and symmetric leakage structure in a similar manner to reduce the current coupling [6] . Fig. 6 shows an example to calibrate the first decade of IVD for the demonstration. Firstly, the input of the reference transformer K 4 is switched to 10 to make reference transformer provide an output ratio of 0.1. Secondly, the ''zero balancing'' reading γ i,0 is measured by locating the K 3 on 0 to make the input voltage of the reference transformer zero. In the meantime, the K 1 of IVD can be calculated out. Therefore
B. CALIBRATION PROCEDURES AND UNCERTAINTY EVALUATION
Finally, the ratio output error of tap N could be obtained by (6) 
The second and the third decade winding can be calibrated in the same way.
C. MULTI-DECADE IVD'S CALIBRATION RESULTS
The calibration results of first three single decade of IVD at 1000 V and 50 Hz are shown in Fig. 7 . In Fig. 7 , α(1), α(2), and α(3) respectively show the In-Phase output ratio errors of decade1, 2, and 3; β(1), β(2), and β(3) in part b show the Quadrature errors.
When the input of the reference transformer is set from 8 to 12, the reference ratios varies from 0.125 to 0.08333333. The (a)-(d) of Fig. 8 are the calibration results of the ratio that list in the Table 1 . Thus, the output ratio of IVD can be calibrated for investigating the whole IVD.
The uncertainty budget of the calibration of the main ratio transformer is shown in Table 2 .
V. CONCLUSION
A multi-decade inductive voltage divider has been constructed at NIM to act as a 1000 V ratio standard at power frequency. An error compensation method on basis of the ''transformer injection principle'' is applied to compensate the IVD's error. Taking full advantage of symmetric leakage design and equal potential guards, the ratio of the IVD is precisely determined using the improved bootstrap calibration method proposed in this paper. By adopting the reference transformer with the carrying ratio, the single or combined decade outputs can be calibrated for the entire investigation of multi-decade IVD performance. The accuracy of the output ratio of the IVD is better than 0.05 µV/V. And the expanded uncertainty evaluation of the output ratio is less than 0.02 µV/V.
